The mechanism of electron pairing in high-temperature superconductors is still the subject of intense debate. Here, we provide direct evidence of the role of structural dynamics, with selective atomic motions (buckling of copper-oxygen planes), in the anisotropic electron-lattice coupling. The transient structures were determined using time-resolved electron diffraction, following carrier excitation with polarized femtosecond heating pulses, and examined for different dopings and temperatures. The deformation amplitude reaches 0.5% of the c axis value of 30 Å when the light polarization is in the direction of the copper-oxygen bond, but its decay slows down at 45°. These findings suggest a selective dynamical lattice involvement with the anisotropic electronphonon coupling being on a time scale (1-3.5 ps depending on direction) of the same order of magnitude as that of the spin exchange of electron pairing in the high-temperature superconducting phase. electron diffraction ͉ electron-phonon coupling ͉ superconductivity ͉ ultrafast T he pairing of electrons is now accepted as being essential in the formation of the superconducting condensate in hightemperature superconductors. What is debatable is the nature of forces (''glue'') holding the pairs (1). The mechanism is different from that of conventional superconductors; for them, loss of the electric resistance is due to phonon-mediated electron pairing [Bardeen-Cooper-Schrieffer (BCS)] (2). Ceramic cuprates become superconductors when extra holes or electrons are doped into their magnetically ordered charge-transfer insulator (ground) state (3, 4); the highest transition temperature (T c ) occurs at a doping of 0.15 extra hole per copper ion and it increases with the number (n) of CuOO planes per unit cell, reaching a maximum at n ϭ 3 (5). Because of the d-wave symmetry of the superconducting gap (6), the relatively small isotope effect (7, 8) , and the magnitude of electron repulsion (U) and exchange (J) (appropriate for the antiferromagnetic phase), magnetic interactions have been considered as the source of binding (1, 9) . The role of phonons in pairs formation has also been discussed, from both experimental and theoretical perspectives (10, 11).
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Angle-resolved photoemission spectroscopy (ARPES) experiments revealed the presence of kinks in the band dispersion at energies corresponding to specific (optical) phonon modes (7, (11) (12) (13) . In some samples, inelastic neutron scattering data at similar energies supported a magnetic resonance mode below the transition temperature (14) . The issue was raised over whether the low-energy features observed in the ARPES spectra are induced by magnetic or structural bosonic coupling. Based on energetics, the out-of-plane motion of the oxygen ions in the CuOO plane, referred to as the out-of-plane buckling mode, has been assigned as responsible for the kink in the band dispersion observed along the direction of CuOO bonds (11, 12) . However, the electron-phonon coupling strength obtained by means of angle-integrated probes is not particularly large (15) . This finding, together with the d-wave symmetry of the superconductingphase order parameter (6), has been among the main arguments against a lattice-mediated pairing mechanism, because BCS theory of electron-phonon coupling favors an s-wave order parameter (16) .
Theoretical calculations have suggested that selective opticalphonon excitation could lead to an anisotropic electron-phonon coupling (11) . In cuprate superconductors, it has been demonstrated, using time-resolved photoemission (15) and timeresolved optical reflectivity (17) , that the excited charge carriers preferentially couple to a phonon subset before decaying through anharmonic coupling to all other vibrations of the lattice. Moreover, the anomalous superconductivity-induced transfer of optical spectral weight and its doping dependence (17) (18) (19) , usually considered as a hallmark of a non-BCS pairing mechanism, can be accounted for within a BCS model combined with a d-wave order parameter, for certain band structures (20) . It is now known that the strength of the pairing potential (estimated from Nernst effect experiments) decreases as extra oxygen is doped into the unit cell, whereas the coherence length of the Cooper pairs increases with doping (21) . The net effect is that for the condensate, a subtle compromise between pairing interaction and coherence needs to be achieved in order for high-temperature superconductivity to occur. To date, there has not been a direct observation of the actual structural change, or the anisotropy of electron-phonon coupling, in the superconducting state.
Here, we report, using time-resolved electron diffraction, the temporal evolution of the structure following polarized carrier excitation by a femotosecond pulse, for different temperatures (for the metallic and superconducting states) and doping levels (from underdoped to optimally doped). Specifically, we investigated different compositions by varying the doping level and number of CuOO planes per unit cell in the Bi, Sr, Ca, Cu, and O (BSCCO) family; 7 different crystals for a total of 30 cleavages were studied. The initial femtosecond excitation transfers the system from the superconducting to the metallic state (15) , breaking pairs (17) . With the electron and lattice temperatures being vastly different (see below), energy of carriers is lowered through electron-phonon coupling which can be defined not only for the metallic but also for the superconducting state phase (22) .
By varying the polarization of carrier excitation we observed major differences in the decay of the (00) diffraction rod which is correlated with the c axis structural dynamics. The deduced structural changes on the time scale reported provide information on the mode(s) of atomic motions and the associated electron-phonon interactions. The striking polarization effect on the c axis motion is consistent with a highly anisotropic electron-phonon coupling to the B 1g out-of-plane buckling mode (50 meV), with the maximum amplitude of atomic motions being Ϸ0.15 Å. The anisotropy follows the symmetry of the d-wave superconducting gap, with the largest coupling along the CuOO bond where the gap has its maximum value. Along this direction the electron-phonon coupling parameter is obtained to be ϭ 0.55, in the optimally doped two-layered sample, whereas at 45 o it is ϭ 0.08. Thus, the value of 0.26 reported in ref. 15 , within the framework of the Eliashberg formalism (23), represents an average over the different directions. More details of the experimental apparatus are given in Materials and Experimental Procedures and in refs. 24 and 25.
Results and Discussion
We begin by discussing the results obtained for Bi2212. In Fig.  1 , the static diffraction patterns of a single crystal of optimally doped Bi2212 are displayed. The patterns were recorded in the reflection geometry with the electron beam directed along 3 different axes, namely the [010], [110] , and [100] directions, as displayed in Fig. 1 A, B , and C, respectively. The diffraction rods, which display the 2D nature of probing ( Fig. 1, caption) , were indexed for the tetragonal structure, giving the in-plane lattice parameters of a ϭ b ϭ 5.40 Å, consistent with X-ray values. The lattice modulation is resolved along the b axis with a period of 27 Å, again in agreement with the X-ray data (26) . The in-plane lattice constants, and the modulation, were confirmed for the specimens studied using our electron microscope, and one micrograph is given in Fig. 1D .
The temporal evolution of diffraction frames (with polarized excitation) is sensitive to motions of atoms during the structural change. In Fig. 2A , the intensity decay, due to motions of the ions (Debye-Waller effect), of the (00) rod is plotted for 3 different polarizations (E ជ ) of the excitation pulse: E ជ //[010], the direction of CuOO bonds; E ជ //[110], the direction at 45 o ; and the one at 22 o . The data were taken at T ϭ 50 K. At longer times, up to 1 ns, these transients recover very slowly; because of the poor c axis conductivity and metallic a-b plane, heat transport is mainly lateral, but is complete on the time scale of our pulse repetition time (1 ms). In Fig. 2B , another set of data were obtained by rotating the sample while keeping the polarization parallel to the electron beam direction. The temporal evolution of the (00) diffraction intensity obtained from the two different orientations (electron beam parallel to the CuOO bond, see diffraction pattern in Fig. 1 A, and at 45 o , Fig. 1B) shows the same anisotropic behavior as that obtained by rotating the polarization, ruling out possible experimental artefacts. We also verified that different diffraction orders show changes that scale with the scattering vector, confirming that the observed changes in the diffraction intensity originate from structural dynamics (see SI Text and Fig. S1 ).
The intensity decay for different polarizations was found to have distinct time constants (see below): The decay is faster when the polarization is along the CuOO bond and slows down when polarization is along the [110] direction (45 o from the CuOO bond). When charge carriers are excited impulsively through light in a crystal, the electron and lattice temperatures are driven out of equilibrium, but they equilibrate through electron-phonon coupling. Excitation of phonons causes the diffraction intensity to change with time, and this decrease mirrors an increase of the mean atomic displacement in the corresponding direction, with a temperature assigned to the displacement through a time-dependent Debye-Waller factor:
where I(t) is the intensity of rod diffraction at a given time t after excitation, I 0 is the intensity before excitation, s is the scattering vector, and ͗␦u 2 (t)͘ is the mean square atomic displacement.* From the results reported here for [I(t)/I 0 ] min , the root-mean-square value for the amplitude of the motion is obtained to be Ϸ0.15 Å for 20 mJ/cm 2 f luence. Given the c axis distance of 30 Å, this represents a change of 0.5%; the CuOO planes separate by 3.2 Å. The observed anisotropy of decay with polarization indicates the distinct c axis distortion and the difference in electronphonon coupling. To obtain the magnitude of the couplings we shall invoke the well-known model of electrons and lattice temperatures, dividing the lattice modes into those that are strongly coupled to the electrons and the rest that are not. Thus, the decrease of I at a given time tracks the change of ͗␦u 2 (t)͘ with an effective corresponding temperature. For a Debye solid, the atomic displacement can be expressed as
where M is the average mass in the unit cell, k B is Boltzmann constant, ប is the reduced Planck constant, and ⌰ D is the Debye temperature of the material (29) . In Fig. 3A , we plot the equivalent temperature associated with the c axis displacement of the optimally doped Bi2212 sample, for different polarizations, together with theoretical predictions given by the threetemperature model (15) (see also SI Text). The initial heating of the charge carriers by the excitation pulse is on the femtosecond time scale, during which an electronic temperature, T e , is established. The coupling of carriers to a subset of phonon *The temporal evolution of ͌͗␦u2(t)͘, deduced from I(t) according to Eq. 1, may be fitted by considering different mechanisms. For the case of, e.g., nonequilibrium phase transition in ultrafast melting, the model of inertial dynamics (27) can be invoked with ͌͗␦u2(t)͘ being related to the velocity of the motion, giving a Gaussian dependance on time. The model gives a velocity to be 0.025 Å/ps, far less than the rms velocity of 1.45 Å/ps at 50 K. The appropriate description for the nonequilibrium dynamics here should consider the energy transfer from the photoexcited carriers to the optical phonons, as described in the text (see also ref. 28 ). modes defines an equivalent temperature, T p , for that phonon subset, and, subsequently, the relaxation to all other modes establishes the lattice temperature, T l . It follows that the stronger the electron-phonon coupling the faster the decay of the diffraction intensity. From the results in Fig. 3A , we obtained ϭ 0.08 for E ជ //[110] and 0.55 for E ជ //[010] in optimally doped Bi2212 (see SI Text). The average value at optimal doping is in good agreement with the results ( ϭ 0.26) of ref. 15 , which angularly integrates the photoemission among different crystallographic directions, and in agreement with ''frozenphonon'' calculations (30) . The rate of diffraction change provides the time scales of selective electron-phonon coupling and the decay of initial modes involved. In Fig. 3B , the derivatives of the diffraction intensity as a function of time, dI(t)/dt, are displayed for different polarizations (Fig. 2 A) . The presence of a clear inversion point reflects the two processes involved, the one associated with the coupling between excited carriers and optical phonons, and the second that corresponds to the decay of optical modes, by anharmonicity into all other vibrations. The minimum in the derivative, signaling the cross-over between these two processes, shifts toward an earlier time when the polarization becomes along the CuOO bond. In Fig. 3C , the derivative of the simulated lattice temperature within the three-temperature model, dT l (t)/ dt, shows a similar two-process behavior. The clear shift of the minimum to an earlier time can be reproduced by varying the electron-phonon coupling parameter ; in contrast, a change in the anharmonic coupling constant a does not affect the early process, and the corresponding time of the derivative minimum has little shift ( Fig. 3C, inset) . Thus, consistent with the results of Fig. 3A , this analysis indicates that the anisotropic behavior of the diffraction intensity is indeed due to a directional electronphonon coupling.
The derivative minima occur at times of Ϸ1.0, 2.0, and 3.5 ps for, respectively, the polarization at 0°, 22°, and 45°with respect to the CuOO bond direction (Fig. 3B) . Theoretically, the initial rate of the electron-phonon scattering can be obtained through the equation (23)
where el-ph is the characteristic coupling time constant and is the angular frequency of the coupled modes. Given the values of (0.55, 0.18, and 0.08 in Fig. 3C ), we obtained el-ph to be 290 fs, 900 fs, and 2.0 ps with an initial T e ϭ 6000 K and T l ϭ 50 K. In ref. 15, el-ph was reported to be 110 fs for T e Ϸ 600 K. Given the difference in fluence, hence T e , the values of el-ph obtained here (see Eq. 3) are in reasonable agreement with the average value obtained in ref. 15 . It should be emphasized that, within such time scale for the electron-phonon coupling, the lattice temperature T l remains below T c ; in Fig. 3A , the temperature cross-over (T l Ͼ T c ) occurs at 2-3 ps. We also note that at our fluence the photon doping has similar charge distribution to that of chemical doping (31) .
The influence of polarization on the (00) diffraction rod (which gives the structural dynamics along the c axis) reveals the unique interplay between the in-plane electronic properties and the out-of-plane distortion. Among the high-energy optical phonons that are efficiently coupled at early times, the in-plane breathing and out-of-plane buckling modes are favored ( Fig. 4A)  (7, 12) because of their high energy and involvement with carrier (Fig. 1B) , and is the angle of polarization away from the probing direction (controlled by rotation of a half-wave plate). The dotted lines (and also those in panels B to D) show the fits to an apparent exponential decay. (B) Diffraction intensity change of the (00) rod, from the same sample, obtained with the optical polarization being parallel to the electron probing. By rotating the crystal, the time-dependent change was measured for the two zone axes ( Fig. 1 A and B) . excitation at 1.55 eV. Our observation of a faster c axis dynamics when the polarization is along the CuOO bond implies a selective coupling between the excitation of charge carriers and specific high-momentum phonons. A plausible scheme is the stronger coupling between the antinodal ([010]) charge carriers and the out-of-plane buckling vibration of the oxygen ions in the CuOO planes. † Further information was obtained by studying different compositions (dopings and number of layers) and temperatures. In Fig. 2C we display the results obtained for an underdoped Bi2212 (T c ϭ 56 K), also at two temperatures. The anisotropy is evident at low temperature, giving values of 0.12 for E ជ //[110] and 1.0 for E ជ //[010] (see Fig. S2A ). However, at higher temperature, the decay of both polarizations is similar and reaches the fastest profile recorded. This behavior is understood in view of the two types of phonons present at high temperature, those created through carrier-phonon coupling (low-temperature) and the ones by thermal excitation. This behavior with temperature is consistent with the optical reflection studies made by Gedik et al. (34) .
In contrast, for optimally doped Bi2223, we observed no significant anisotropy even in the low temperature regime (Fig.  2D) . In fact, the intensity decay of the (00) rod for light polarized along [110] becomes essentially that of the [010] direction (see Fig. 2, B and D) . The electron-phonon coupling in Bi2223 is thus similar for both directions ( ϭ 0.40) (see Fig. S2B ), signifying that the out-of-plane buckling motions are coupled more isotropically to the initial carrier excitation, likely due to the somewhat modified band structure (e.g., larger plasma frequency; see ref. 35 ) from that of Bi2212. This observation is consistent with the more isotropic superconducting properties of Bi2223 (36) . The screening effect for the inner CuOO layer by the outer ones in Bi2223 (37) , and the less structural anisotropy between the in-plane and out-of-plane CuOO distances (36) , might also play a role in the disappearance of the anisotropic electron-phonon coupling.
In Fig. 4B , the doping dependence of and the anisotropy observed for different polarizations, ⌬ ϭ [010] Ϫ [110] (obtained from repeated experiments on different samples and cleavages), are displayed, together with the qualitative trend of the upper critical field (Nernst effect) and coherence length (21) . The similarity in trend with upper critical field behavior, which can be related to the pair correlation strength, is suggestive of lattice involvement especially in this distinct phase region where the spin binding is decreasing. In view of an alternative explanation for the doping dependence of the critical field (38) , our observation of an anisotropic coupling between the lattice and different light polarization may also be consistent with the idea of a dichotomy between nodal and antinodal carriers, with the latter forming a charge-density wave competing with superconductivity (39) . Future experiments will be performed for completing the trends up to the overdoping regime for different superconductor transitions (40) .
Conclusion
Observation of atomic motions and the directional electronphonon coupling suggests that structural dynamics is an integral part of the description of the mechanism of high-temperature superconductivity. The anisotropic carrier-phonon coupling, reaching its maximum along the CuOO bond, and the distortion of the CuOO planes, suggest a direct role for structural dynamics and considerations (41) (42) (43) beyond simple 2D models. Recent theoretical work has incorporated lattice phonons in the t-J model to account for the observed optical conductivity (44), whereas new band structure calculations suggested that large and directional electron-phonon coupling can favor spin ordering (45) . It is worth noting that the reported time scale of electronphonon coupling (at the photon/chemical doping level used) is of the same order of magnitude as that of spin exchange (40 fs) in the undoped phase. This implies that both the magnetic interactions and lattice structural changes should be taken into account for the microscopic description of the pair formation. Because it is now possible to examine the influence of these structural effects in the superconducting phase, by means of ultrafast electron crystallography, it is hoped that the reported results here can stimulate the development of theoretical models that explicitly incorporate the role of atomic motions in the mechanism of high-temperature superconductivity. † Unlike semiconductors where selectivity of k vector in transient optical absorption is defined, in conventional metals the intraband transition (Drude region) involves near isotropic phonon-assisted transitions. In cuprates, nonconventional intraband transitions, even within the Drude region, may exist (32, 33) . Moreover, on the ultrashort time scale, phonons are selectively coupled. However, at 1.55 eV cuprates has a more complex structure of bands and a contribution from the interband charge transfer will define a CuOO polarization anisotropy. Given this complexity, we cannot with certainty assign such a direction. 
Materials and Experimental Procedures
The investigated specimens were as follows: optimally doped and underdoped two-layered Bi 2Sr2CaCu2O8ϩ␦ (Bi2212, Tc ϭ 91 K and Tc ϭ 56 K) and optimally doped three-layered Bi 2Sr2Ca2Cu3O10ϩ␦ (Bi2223, Tc ϭ 111 K). See SI Text and Fig. S3 for details. All samples were cleaved in situ at low temperature, under a pressure on the order of 10 Ϫ10 mbar to obtain a clean surface. An ultrashort (120-fs) laser pulse was used to induce a temperature jump in the sample, and the far-field diffraction of electron pulses was used to monitor the structural dynamics. The delay time between the pulses of carrier excitation and electron probing was varied while monitoring the change of Bragg diffraction intensities. The polarization of the excitation pulse was rotated with a half-wave plate and made parallel to the a-b plane of the sample. In all of these experiments, the fluence used ranged from a few millijoules per square centimeter and up to 20 mJ/cm 2 . 
